Background. Cognitive deficits impede stroke recovery. Aerobic exercise (AEX) improves cognitive executive function (EF) processes in healthy individuals, although the learning benefits after stroke are unknown. Objective. To understand AEX-induced improvements in EF, motor learning, and mobility poststroke. Methods. Following cardiorespiratory testing, 38 chronic stroke survivors were randomized to 2 different groups that exercised 3 times a week (45-minute sessions) for 8 weeks. The AEX group (n = 19; 9 women; 10 men; 64.10 ± 12.30 years) performed progressive resistive stationary bicycle training at 70% maximal heart rate, whereas the Stretching Exercise (SE) group (n = 19; 12 women; 7 men; 58.96 ± 14.68 years) performed stretches at home. Between-group comparisons were performed on the change in performance at "Post" and "Retention" (8 weeks later) for neuropsychological and motor function measures. Results. Vo 2 max significantly improved at Post with AEX (P = .04). AEX also improved motor learning in the less-affected hand, with large effect sizes (Cohen's d calculation). Specifically, AEX significantly improved information processing speed on the serial reaction time task (SRTT; ie, "procedural motor learning") compared with the SE group at Post (P = .024), but not at Retention. Also, at Post (P = .038), AEX significantly improved predictive force accuracy for a precision grip task requiring attention and conditional motor learning of visual cues. Ambulation and sit-to-stand transfers were significantly faster in the AEX group at Post (P = .038), with balance control significantly improved at Retention (P = .041). EF measurements were not significantly different for the AEX group. Conclusion. AEX improved mobility and selected cognitive domains related to motor learning, which enhances sensorimotor control after stroke.
A pproximately 50% to 75% of all stroke survivors have residual cognitive and/or motor disabilities that prevent them from living independently at home. 1, 2 Information processing speed and executive function (EF) processes (a set of cognitive control processes involved in attention, planning, judgment, decision making, and other higher-order functions) are significantly impaired for more than 60% of these individuals. 3, 4 Such cognitive deficits hinder the sensorimotor learning required for successful physical rehabilitation and stroke recovery. For example, reduced information processing is associated with poor motor function 5, 6 and interferes with daily tasks that rely on fast cognitive processing of sequentially ordered movements, such as dressing, toileting, or transfers. 7 Previous studies indicate that attention, decision making, and other cognitive control processes are necessary for balance, 8 ambulation, 9 driving, 10 and reaching/grasping, 11 all motor functions that are affected by stroke. Overall, impaired cognition reduces the likelihood of independent living poststroke. 1, 12 Recently, aerobic exercise (AEX) has been shown to be beneficial for improving EF [13] [14] [15] for healthy adults, in addition to improving cardiac function, balance, and coordination. 16 Yet no studies have examined the effects of AEX on cognition after hemiparetic stroke, or considered if lower extremity AEX promotes generalized sensorimotor learning for motor performance across limbs, such as the nonaffected upper extremity. We performed a randomized clinical pilot study in a small sample of individuals with chronic stroke to determine whether AEX would produce changes in cognitive function and motor learning in this group. The specific hypothesis was that bicycle exercise in individuals with hemiparetic stroke would durably improve EF and motor learning and translate to improved fine motor control of the upper extremity.
screened for the study of whom 36 were excluded because they did not meet the inclusion criteria (n = 17), refused to participate (n = 4), or were unable to travel to the laboratory for regular training sessions (n = 15), thus yielding 40 individuals who met the criteria and agreed to participate in the study. Two participants dropped out of the study after enrollment (1 woman; 1 man) and their data are not included in the analyses, decreasing the sample to 38 individuals (21 women, 17 men). On enrollment, the participants were randomized to either a Stretching Exercise (SE) group (n = 19; 12 women; 7 men; 58.96 ± 14.68 years) or Aerobic Exercise (AEX) group (n = 19; 9 women; 10 men; 64.10 ± 12.30 years; see Table 1 ). Participants within both groups experienced their stroke injury 4.9 ± 3.3 years prior to entering the study (SE = 5.11 ± 3.53 years; AEX = 4.62 ± 3.21 years.). All participants gave their informed consent to enter this pilot study, which was approved by The Kansas University Medical Center Human Subject Review Committee. Procedures for this study were followed in accordance with institutional guidelines.
The inclusion criteria were (a) single ischemic stroke occurring at least 6 months prior to enrollment; (b) residual hemiparetic deficits in either the upper or lower extremity; (c) Mini-Mental Status Examination (MMSE) 17 score of >23, including a perfect score on the 3-step command to ensure comprehension of our protocol; and (d) adequate cardiac function to adhere to the protocol as determined by their personal physician. The exclusion criteria were (a) regularly performing >20 minutes of cardiovascular exercise 3 times a week in their daily routine; (b) alcohol consumption >2 oz liquor, 8 oz wine, or 24 oz beer per day; (c) cardiac history of unstable angina, recent myocardial infarction within the last 3 months, congestive heart failure, significant heart valve dysfunction, or unstable hypertension; (d) other neurological diseases; and (e) hospitalization within the past 3 months or medical conditions that would prevent adherence to the exercise protocol, such as symptomatic peripheral arterial occlusive disease, chronic pain conditions, organ failure, active cancer, unstable diabetes mellitus, or untreated depression.
The SE group performed 45 minutes of upper and lower extremity stretching activities, 3 times per week for 8 weeks (24 sessions) at home. During the 8-week session, a physical therapist contacted participants in the SE group each week to answer questions about their exercise program. Using a stationary bicycle, participants in the AEX group performed progressive, resistive AEX at a target level equal to 70% maximal (max) heart rate (HR) for 45 minutes (based on Karvonen's formula 18 ), 3 times per week for 8 weeks under the supervision of a physical therapist and exercise physiologist. All AEX sessions included a 5-minute warm-up and cooldown period. Target HR was determined from the metabolic stress test performed at baseline, described in detail below. In week 1, participants bicycled to tolerance for 10-minute to 20-minute duration at 40% to 50% maxHR, but then progressed to the 70% maxHR in week 2. AEX intensity was systematically progressed for each participant by increasing resistance to maintain conditioning at 70% maxHR. Vital signs and scores from the Borg Perceived Exertion Scale 19 were recorded for each individual during every session.
All participants underwent a medical exam, metabolic stress test, cognitive assessment, and motor performance assessments at 3 time points: (a) "Baseline," or the time period prior to the SE or AEX activities; (b) "Post," 8 weeks after Baseline, when the SE or AEX activities were completed; and (c) "Retention," 8 weeks after completing the SE or AEX activities (ie, 16 weeks from Baseline). Participants performed a series of neuropsychological and motor tests that were presented in a randomized order at each time point and are described here. Wisconsin Card Sorting Task (WCST) measured rule learning and resistance to perseveration. 20 The WCST required participants to sort 64 cards based on color, shape, or number of items, without explicit knowledge of the "rules," which would ensure the correct answer. Once they make several correct responses, the rule changed and they must learn a new sorting rule. Thus, they were required to simultaneously maintain several sets of rules within working memory and be able to switch rules based on feedback. Stroop task 21 measured selective attention and resistance to interference. Performance in a baseline condition (naming the color in a series of colored Xs) was compared with an interference condition (naming the color of ink for a series of color words, eg, "red" printed in blue ink). In both cases, the dependent measure was the number of colors correctly named within 45 seconds. Trail-Making Task (A, B) 22 assessed visual search ability, working memory, and attention switching. Using the less-affected hand, participants were required to draw connecting lines between either randomly arranged numbers on a page (trails A), or alternating numbers/letters (trails B). The dependent measure in each condition was the time to complete the task within a 5-minute maximum time limit.
Motor learning tests were also performed. Serial Reaction Timed Task (SRTT; see Figure 1 ) indexed the capacity for change in an implicit learning skill, or learning without conscious aware ness. 23, 24 Participants made key presses with their less-affected hand to perform a 12-element sequence of colored circles as they appeared on a computer screen. Sequences were composed of either random stimuli or repeated stimuli. Faster response times (milliseconds) occurred if the participant learned the repeated sequence and could anticipate the upcoming response. Predictive Grip Force Modulation (PGFM) assessed conditional learning ability 25 of the relationship between color and weight, information that then could be used to predictively program grip forces used to lift a test object. As previously described, [26] [27] [28] [29] the novel test object (Figure 2 , top panel) has two 6-axis force plates, which measure the horizontal grip force (GF), vertical lift force (LF), and anterior-posterior shear force (SF). The mean GF and LF measures are the focus of this study. Prior to lifting the test object with their less affected hand, 26 participants observed the experimenter randomly insert a colored weight (250 g, 500 g, 780 g) into the test object in one condition whereas in another condition the weights were inserted into the object without participants' awareness (total of 84 lifts across 2 conditions). 27 The colorweight association was randomized across time points to ensure a new conditional memory was formed at each assessment. For each lift of the 500-g object weight, the mean peak grip force (pkGF) was measured at a time just prior to somatosensory feedback regarding weight information or at the moment the object lifted from the table. 28, 29 Thus, pkGF that was accurately matched for the object weight indicated feedforward or predictive control of the muscular forces. 30 Fugl-Meyer Sensorimotor Test (FM) 31 scores assessed overall motor function of the involved arm and leg (0-124). Berg Balance Scale (BB) 32 scores measured balance and coordination during standing and sitting (0-56). Get Up and Go (GUG) 33 measured the participant's time to rise from a chair, walk 3.048 meters, and return to the chair as fast as possible. Vo 2 max (mL/kg/min) measures of maximal oxygen uptake to determine aerobic capacity were obtained from the metabolic stress test performed at each time point.
Within each group, the means and standard deviations were calculated for each variable. Data were analyzed by calculating the change in performance at Post (Post − Baseline) and at Retention (Retention − Baseline) time points for each outcome measure. Performance changes were compared between SE and AEX groups. Depending on the normality distribution for each variable, the change scores were compared using either Wilcoxon rank sum tests or 2-sample T tests with α = .05.
Effect sizes (Cohen's d) were calculated for the statistically significant between-group differences. At Baseline, comparisons were performed for each variable to determine betweengroup differences. The Baseline scores were compared using either the Wilcoxon Rank Sum test or the Two Sample T test (α = .05), depending on the normality distribution for each variable.
Results
For each group, the means and standard deviations of each variable at Baseline are reported in Table 1 . Between-group comparisons at Baseline confirmed that the groups were similar with the exception of SRTT Repeated test (P = .04), which revealed that the participants randomized to the AEX group had significantly slower response times throughout the repeated portion of the test compared with the SE group (see Table 1 ).
In Table 2 , the mean performance levels and between-group statistical result after Intervention are reported for the dependent variables. Bicycling significantly improved Vo 2 max for the AEX group at Post (P = .040; effect size d = 0.65) compared with the control SE group, but not at Retention. AEX did not affect executive function performance; no significant group differences were observed at Post or Retention on any of the EF measures (WCST, Stroop Task, and Trail-making). AEX significantly improved scores and demonstrated large effect sizes for complex motor learning tasks. Between-group differences in learning on the SRTT repeated sequence task were observed; response time was significant at Post (P = .024; effect size d = 0.91), but not at Retention (Figure 1 , Table  2 ). No between-group differences were observed for SRTT random sequence response time at either Post or Retention. Between-group difference in the PGFM used to lift the object was significant at Post (P = .038; effect size d = −0.79) ( Figure  2 ; Table 2 ), but not at Retention. Significant functional gain from AEX was also observed in GUG at Post (P = .038; effect size d = −0.70) but not at Retention. Also, a trend toward significance in BB Control was observed at Post (P = .053) and then reached significance at Retention (P = .041; effect size d = −0.70; see Table 2 ).
Discussion
Following lower extremity bicycle exercise, chronic stroke survivors in the AEX group significantly improved motor learning, which is required for daily function. Study participants were presented 2 distinct skilled motor tasks that required them to cognitively comprehend and process visual cues for the motor action. In the SRTT, participants were given either random sequences (to assess nonspecific learning) or repeated sequences (to assess sequence-specific learning). Information processing for the repeated sequence was significantly faster for the AEX group, indicating that AEX participants more rapidly predicted the upcoming key press and subsequent finger response (SRTT; Figure 1 ). In PGFM, both groups used precision grip to repeatedly grasp and lift a novel object. The colored weights that were inserted into the object cavity between lifts presented the participants with the opportunity to predictively program their grip forces based on learning colorweight relationship. The AEX group significantly improved their predictive force modulation to grasp and lift the test object ( Figure 2 ) compared with SE. Collectively, these findings provide evidence that even a brief 2-month intervention of lower extremity AEX training produces generalized cognitive benefits, including improved implicit and conditional motor learning demonstrable in the less-affected hand of chronic stroke survivors.
The fact that the motor learning improvements occurred using the less-affected hand does not diminish the implication of our results. The faster response times induced through AEX in the SRTT are importantly related to generalizable hemiparetic motor learning poststroke. Rapid sequence-specific learning is impaired following stroke, 24 ,34 yet essential for relearning complex motor tasks such as inserting a key into a lock and then opening a door. 35 Performing movements in a specific sequential order is necessary in order to successfully perform many daily tasks. The cognitive-motor interactions used during SRTT activate motor regions, parietal cortex, basal ganglia, and the cerebellum. 35, 36 These same regions are frequently affected by stroke and are the targets of activitydependent neuroplasticity during task-specific neurorehabilitation performed with the hemiparetic limbs. 37 We recently reported that accurate force modulation is not possible with repetitive task-specific practice after middle cerebral artery stroke, most likely due to faulty sensorimotor integration. 28 AEX induced an increase in fingertip force accuracy in PGFM, presumably through accelerated learning of the conditional color-weight relationship. The AEX group used the color-weight information to predictively generate muscular forces that were seemingly unrelated to somatosensory information gained from the previous lift of the object. 25, 38, 39 These visuomotor transformations influence motor planning and movement execution 40 for driving or other complex motor skills. 25 For example, predictive grasp force is modulated according to visual cues, behavioral experience, and memories related to a particular object. Therefore, grasping a gallon of milk uses different muscular force than grasping the same container when it is empty of milk. Such context-specific visual cues dominate skilled motor behavior during daily life, including motor actions from the hemiparetic limbs after stroke. The frontal cortex, hippocampal system, and basal ganglia are active during conditional motor learning. 25 Ploughman et al 41 recently reported that a single session of treadmill exercise improved grasping function in the hemiparetic hand but not cognitive function for chronic stroke survivors. Here, we demonstrate that under specific contexts, prolonged exercise improves both motor and cognitive function poststroke. Participants performed the SRTT and PGFM tests with the hand ipsilateral to the side of the lesion, unaffected with spasticity or hemiparesis, suggesting that benefits were due to learning rather than hemiparetic biomechanical improvements. However, prolonged bicycling durations may be required to maintain these learning abilities because both SRTT and PFGM effects were diminished at Retention.
In healthy adults, AEX promotes important hormonal, structural, and functional changes within the brain that are associated with learning. 42, 43 This pilot study provides initial evidence that select cognitive domains subserving motor learning are improved with AEX after stroke, whereas EF-related tests (Trails, WCST, and Stroop Effect) were level of fitness. 14 Our AEX group significantly improved their Vo 2 max, yet remained in the "sedentary" category of aerobic fitness, which suggests that the 8-week intervention was inadequate. 18 But, larger studies are needed to define the scope of exercise-mediated effects on EF and determine if age, gender, stroke severity, and lesion location influence treatment response.
Although previous studies have demonstrated AEX improves cardiovascular fitness, indices of insulin sensitivity and glucose tolerance, and mobility after stroke, 18, [44] [45] [46] [47] [48] [49] this is the first report that examines the benefits for cognitive and motor learning. On the basis of this study, where does AEX therapy "fit" in relationship to traditional task-specific stroke rehabilitation? Motor learning and memory processes are important for independent daily function after stroke. 50, 51 Improved motor learning increases the likelihood that individuals with stroke
Figure 1 Change in Serial Reaction Timed Task (SRRT) Performance Between Groups
Note: Using a blocked design, the colored circles appeared one at a time in either a randomized or repeated sequence. Once the colored circle appeared on the computer screen, participants were instructed to press the corresponding key as fast as possible (see inset). To index learning, the change in the mean response time was calculated for the random and also repeated sequences. Compared with the stretching exercise (SE) group, the aerobic exercise (AEX) group made significantly more change in the response time (ie, were faster; P = .024) at "Post" for the repeated sequence (sequencespecific learning) but not for the random sequence (nonspecific learning).
unaffected by exercise. The EF tests chosen for this study may lack the sensitivity required to detect change in the stroke population. Or, specific baseline cognition levels may be necessary for EF improvements to occur following brain injury. A recent meta-analysis indicates the magnitude of EF change is associated with the AEX duration, exercise modality and
Figure 2 Change in Grip Force Accuracy (Predictive Grip Force Modulation [PGFM]) Between Groups
Note: The novel test object (top panel) has two 6-axis force plates that measure the horizontal grip force (GF), vertical lift force (LF), and anterior-posterior shear force (SF) applied to the object during precision grip. Prior to each lift, participants observed a colored weight (see inset) that was randomly inserted into the novel test object by the experimenter. Thus, the visual color cue indicated the weight of the object for the subsequent lift. Generating low predictive grip forces (prior to somatosensory feedback) to lift the object with the 500-g weight suggest that individuals learned the color-weight relationship. At "Post," the aerobic exercise (AEX) group significantly decreased (P < .038) their predicted mean grip forces (measured at lift-off of the object) when lifting the object (500-g weight) compared with the stretching exercise (SE) group.
will successfully navigate complex situations within their environment. 52 As such, AEX therapy may be an important adjunct therapy that assists task-specific rehabilitation. Although our findings are promising that AEX can improve elements of motor learning in chronic stroke, the results must be cautiously interpreted. The brief interaction we provided to the SE group potentially may have impacted their subsequent test performance. Generally, cognition and fitness abilities were similar between groups at Baseline. Although the SE group demonstrated better performance on the SRTT Repeated test compared with the AEX group, the small sample size may have lacked adequate power to detect true differences. It is possible that recruitment from a sample of convenience may have introduced selection bias. Or, the wide ranges in age and severity of impairments may have confounded the treatment response. Furthermore, the brief AEX training regimen produced only modest fitness gains. Larger randomized studies are necessary to determine the dose and temporal profile of exercise that durably improves cognitive function and motor learning across the spectrum of age and impairment level within chronic stroke survivors.
In conclusion, this pilot study provides initial evidence that AEX improves the speed of information processing, motor learning, implicit memory, and motor function for chronic stroke survivors. Specifically, the cognitive benefits of a bicycle training program extended beyond improving lower extremity mobility to also improving sensorimotor learning and cognitive performance. Hence, AEX may function to augment sensorimotor recovery and motor control through cognitive effects, even years after the hemiparetic stroke. Of the 750 000 Americans who suffer stroke each year, 53 more than 60% have cognitive impairments that hinder motor recovery, 10,54-58 which underscores the need for further study to determine the temporal profile and dose intensity of AEX to optimize long-term outcomes after stroke. Likely, AEX training will become an important part of contemporary stroke rehabilitation programs.
